Abstract. We examined the phylogeographic structure of the Lesser Mouse deer (Tragulus javanicus) and the Greater Mouse deer (Tragulus napu) from sequence data of mitochondrial cytochrome b gene. Three major clusters were observed on phylogenetic trees, as follows: 1) T. javanicus from the Asian mainland (Malayan Peninsula and Laos), 2) T. javanicus from Borneo Island (Sabah, Malaysia), 3) T. napu from Borneo and Pulau Tioman. Tragulus napu forms the sister lineage to all populations of T. javanicus, thereby supporting the current separation of these taxa at species level and traditional taxonomical identification of the two species by throat color. Within T. javanicus, the primary genetic separation is between the Borneo Island population and those from the Southeast Asian mainland. We suggest that subspecies should be recognised within this widespread taxon. A secondary separation within T. javanicus is observed between populations to the north and south of the Isthmus of Kra.
Two species of Mouse Deer (genus Tragulus) are traditionally distinguished in the Indomalayan region -the Lesser Mouse deer (Tragulus javanicus) and the Greater Mouse deer (Tragulus napu), distributed broadly across mainland southeast Asia from Myanmar, Thailand, Cambodia, Laos, Vietnam and Peninsular Malaysia, and onto Sumatra, Java, Borneo and some smaller satellite islands (Lekagul and McNeely 1988; Corbet and Hill 1992; Wilson and Reeder, 1993) . Although it is generally agreed that the two species differ in overall size, morphological studies of coat color, body proportions and skeletal morphology generally have failed to provide clear diagnoses of the two taxa (Miller 1900 (Miller , 1902 (Miller , 1903 Thomas and Wroughton 1909; Kloss 1916 Kloss , 1918 Chasen 1935 Chasen , 1940 van Dort 1988 van Dort , 1989 Corbet and Hill 1992) . In part, this reflects the presence of geographic variation in size in both species, resulting in overlap between the two species in many external and skull measurements (Lekagul and McNeely 1988; van Dort 1988 van Dort , 1989 Corbet and Hill 1992; Endo et al. 2004b) . Van Dort (1989) concluded that the two species are distinguishable only on throat color and from multivariate analysis of the metatarsal bone and femur of adult specimens. More recently, Meijaard and Groves (2004) used a combination of external and craniometric features to justify recognition of two additional species from within the T. napu group -T. versicolor from south-east Vietnam and T. nigricans from Balabac Island. They also confirmed our earlier finding (Endo et al. 2004b ) of morphological differences in T. napu between populations from peninsular Malaysia and the islands of Indonesia. In the Lesser Mouse deer populations, Meijaard and Groves (2004) were unable to find substantial morphological differences between the populations in Laos, Vietnam and East Thailand (subspecies: affinis), and those on Borneo Island (subspecies: fulviventer and ravus). Although we dealt with the growth pattern of the skull in the Lesser Mouse deer from Laos (Terai et al. 1998) , geographic variation in the skull morphology of this species has not been examined in such detail.
In this paper we provide the first analysis of genetic relationships among populations of T. javanicus and T. napu. For the Lesser Mouse deer, our sampling include individuals from both sides of the Isthmus of Kra, a zoogeographically significant feature that separates various sibling species of mammals (Lekagul and McNeely 1988; Corbet and Hill 1992) and coincides with morphological and genetic disjunctions within various species of tree shrews and squirrels (Endo et al. 2000a (Endo et al. , 2000b (Endo et al. , 2003 (Endo et al. , 2004a . We were particularly interested to see whether the same phenomenon is present among species of a larger terrestrial mammal such as the mouse deer.
Materials and methods

Source of animals and DNA extraction
We obtained tissue samples from a total of 29 mouse deer from various Indomalayan localities (Table 1 , Fig.  1 ). All materials were obtained from captive individuals maintained at the University of Pertanian Malaysia (Selangor, Malaysia) and the Ueno Zoological Gardens (Tokyo, Japan). We identified the two species by throat colour according to the accounts of Lekagul and McNeely (1988) and Corbet and Hill (1992) . Total DNA was extracted from tissues of skeletal muscle and liver, and blood culottes by the phenol/proteinase K/sodium dodecyl sulfate method (Sambrook et al. 1989; Masuda and Yoshida 1994) .
Amplification of the mitochondrial cytochrome b region
The whole region of the mitochondrial cytochrome b region was amplified with the polymerase chain reaction (PCR). The following primer set was used L14724, 5'-GACATGAAAAATCATCGTTG-3' and H15978, 5'-GAACATTAGCTTTGGGTGCGATGGTG-3'. The former was made from the sequence described by Kocher et al. (1989) and the latter was newly designed from the conservative sequences between marsupial (Vombatus ursinus; DDBJ/EMBL/GenBank accession No. AJ304826) and eutherian mammals (Gorilla gorilla; DDBJ/EMBL/ GenBank accession No. D38114 and Ursus maritimus; DDBJ/EMBL/GenBank accession No. AJ428577). Primer names correspond to the light (L) or heavy (H) strand and the 3'end-position of the primers in the human mitochondrial DNA sequence (Anderson et al. 1981 ).
The step programs for PCR were as follows: 94°C for 1 min, 60°C for 30 sec, and 72°C for 2 min. The cycle was repeated 30-40 times followed by the reaction completion at 72°C for 10 min. PCR products were purified with the PCR Clean UP-M (Viogen, Taiwan) and directly sequenced using an automated DNA sequencer (ABI PRISM 3100 Genetic Analyzer Applied Biosystem, CA, USA). For sequencing, two amplification primers were also used. The steps of purification of PCR products and sequencing were carried out with Mission Biotech Co. Ltd. (Taipei, Taiwan).
Sequence analysis
Sequence alignment was performed using DNASIS computer software (Hitachi). Phylogenetic tree construction, by the neighbor-joining method (Saitou and Nei 1987) , was done with PAUP* 4.0b8 software (Swofford 2001) . The numbers of nucleotide substitutions per site were estimated for multiple substitutions using Kimura's two-parameter method (Kimura 1980) . Bootstrap analysis (Felsenstein 1985) was done with 5000 replications to assess the confidence of internal branching. We used the sequences of the genus Moschus (Table 1) as an outgroup, since the musk deer are phylogenetically close to mouse deer within Artiodactyla (Colbert and Morales 1991; McKenna and Bell 2000) . Phylogenetic trees were also constructed by the maximum parsimony method with 1000 bootstrap replications.
Results
We identified 20 haplotypes among the various populations of mouse deer (Table 1) . Phylogenetic relationships among the haplotypes are shown in Figure 2 for the neighbor-joining method and in Figure 3 for the maximum parsimony method. For both trees, high bootstrap values encourage confidence in the phylogenetic relationships as depicted. Trees generated under both methods show fundamentally consistent branching patterns. Three major clusters were identified, as follows: Cluster 1; T. javanicus from mainland southeast Asia (peninsular Malaysia and Laos) (Haplotypes: JM1-5 and JL1-8), Cluster 2; T. javanicus from Borneo Island (Sabah, Malaysia) (Haplotypes: JB1-5), and Cluster 3; T. napu from Borneo and Pulau Tioman (Haplotypes: NB and NT). Within Cluster 1, specimens of T. javanicus from each of peninsular Malaysia and Laos form separate lineages with a moderate level of genetic divergence. In contrast, specimens of Tragulus napu from Borneo and Pulau Tioman (which lies off the east coast of peninsular Thailand) form a single cluster with no evidence for genetic divergence between these isolated populations.
Discussion
Our results confirm the traditional taxonomic separation of T. javanicus and T. napu. It also confirms the utility of throat colour to distinguish between these taxa (Corbet and Hill 1992) , as our genetic result was consistent with our initial species identifications based on this character.
Unfortunately, our limited sampling did not include individuals from within the geographic range of the two additional species proposed by Meijaard and Groves (2004) , namely T. versicolor from south-east Vietnam and T. nigricans from Balabac Island. Accordingly, we were unable to test the validity of these taxa. Within T. napu, our individual from Tioman Island possesses a haplotype that is only weakly divergent from that found in our three Borneo samples.
In contrast, T. javanicus shows a high level of phylogeographic structuring (Fig. 2) . The primary separation within this taxon is between individuals from Borneo Island (Cluster 2) and those from peninsular Malaysia and Laos (Cluster 1). In addition, we found a lower level of divergence between the southern and northern mainland populations.
The clear genetic structuring among populations of T. javanicus contrasts somewhat with the morphological findings of Meijaard and Groves (2004) , who found no clear morphological differences between samples from Laos, Vietnam and East Thailand (subspecies: affinis), and those from Borneo Island (subspecies: fulviventer and ravus). Evidence from one or more nuclear genes is now required to decide whether these populations are closely related but possess rapidly divergent cytochrome b or whether they represent genetically divergent but morphologically conservative lineages.
Our results suggest that somewhat different biogeographic factors may have affected each of the two mouse deer species. Within T. javanicus our results show a primary separation between the Borneo population and the mainland populations, with a secondary divergence between the North Indochinese and peninsular Malaysian populations. In contrast, samples of T. napu from Borneo and Pulau Tioman, just off the coast of penisular Thailand, show minimal genetic divergence.
Our genetic results for T. javanicus are consistent with those from our earlier studies of tree shrews and squirrels (Endo et al. 2000a (Endo et al. , 2000b (Endo et al. , 2003 (Endo et al. , 2004a in showing a separation between populations to the north and south of the Isthmus of Kra. Obviously, in the case of T. javanicus, finer geographic sampling is needed to clarify the exact position of any genetic breaks. The Lesser Mouse deer is likely extinct in the immediate vicinity of the Isthmus of Kra but it may survive in the southern provinces of Thailand. Samples from this region should be obtained to further clarify the phylogeographic structure of this species.
The contemporary Isthmus of Kra is approximately 70 km in width and attains a maximum elevation of only 200 m above sea level. However, at various times in the past the Isthmus is thought to have been submerged, leaving the southern part of the Malayan Peninsula as an isolated island. This may have occurred most recently in Fig. 2 . Neighbor-joining tree based on cytochrome b gene sequences using Kimura-2-parameter model. Symbols of the haplotype are explained in Table 1 . Bootstrap values expressed as percentages of 5000 replications are given at each node. Table 1 . Bootstrap values expressed as percentages of 1000 replications are given.
mid-Holocene times as a result of the post-glacial rise of sea level (Clark et al. 1978; Fairbanks 1989; Heaney 1991; Fooden and Albrecht 1993) . However, it seems unlikely that such a recent and short-lived event could account for the relatively deep phylogeographic structure now reported across a range of taxa. Alternative models involving longer time frames should be sought to account for this emerging biogeographic pattern.
